The gamma interferon assay is used to identify Mycobacterium avium subsp. paratuberculosis-infected animals. It has been suggested that regulatory mechanisms could influence the sensitivity of the test when it is performed with cells from cattle and that the neutralization of interleukin-10 (IL-10) in vitro would increase the gamma interferon responses. To investigate the regulatory mechanisms affecting the gamma interferon assay with cells from goats, blood was collected from M. avium subsp. paratuberculosis-infected, M. avium subsp. paratuberculosis-exposed, and noninfected goats. Neutralization of IL-10 by a monoclonal antibody resulted in increased levels of gamma interferon production in M. avium subsp. paratuberculosis purified protein derivative (PPDj)-stimulated samples from both infected and exposed goats. However, the levels of gamma interferon release were also increased in unstimulated cells and in PPDj-stimulated cells from some noninfected animals following neutralization. Depletion of putative regulatory CD25 high T cells had no clear effect on the number of gamma-interferon-producing cells. The IL-10-producing cells were identified to be mainly CD14 ؉ major histocompatibility complex class II-positive monocytes in both PPDj-stimulated and control cultures and not regulatory T cells. However, possible regulatory CD4 ؉ CD25 ؉ T cells produced IL-10 in response to concanavalin A stimulation. The numbers of CD4 ؉ , CD8 ؉ , and CD8 ؉ ␥␦T-cell receptor-positive cells producing gamma interferon increased following IL-10 neutralization. These results provide insight into the source and the role of IL-10 in gamma interferon assays with cells from goats and suggest that IL-10 from monocytes can regulate both innate and adaptive gamma interferon production from several cell types. Although IL-10 neutralization increased the sensitivity of the gamma interferon assay, the specificity of the test could be compromised.
Mycobacterium avium subsp. paratuberculosis is the causative agent of paratuberculosis, a chronic intestinal disease in ruminants (12) that has a worldwide distribution and that is of substantial economic importance (5, 29) . To control paratuberculosis, it is of great importance to be able to identity infected animals at an early stage. Several methods can be used to diagnose paratuberculosis, but all of these methods have limitations. Fecal culture, PCR, and serum antibody assays have relatively low sensitivities in the early stages of the disease (2, 44) , while the gamma interferon (IFN-␥) test has the greatest potential to detect paratuberculosis in subclinically infected animals (7, 37) . Norwegian goat kids experimentally infected with high doses of M. avium subsp. paratuberculosis gave increased IFN-␥ responses from week 7 after the first bacterial exposure (40) , and the results of an evaluation of the test for the diagnosis of paratuberculosis in Norwegian goats was promising (39) . However, data from a Norwegian surveillance program have suggested that positive IFN-␥ results are not detected earlier than antibodies in blood or bacteria in feces in naturally infected goats (K. R. Lybeck, unpublished data).
IFN-␥ production is induced by cytokines like interleukin-12
(IL-12) and IL-18, while IL-4 and IL-10 reduce the level of IFN-␥ expression (13, 30, 34) . IL-10 can limit IFN-␥ production in M. avium subsp. paratuberculosis-or Mycobacterium bovis-infected cattle, and it has been suggested that the neutralization of IL-10 could be a way of increasing the sensitivity of the IFN-␥ assay since this leads to an antigen-specific increase in the level of IFN-␥ production (10, 15) . The cells producing IL-10 in those studies were not identified, but it was speculated that regulatory T cells (Tregs) were involved (15) . Lately, the role of Tregs in suppressing immune responses has been a focus, and regulatory IL-10-producing CD4 ϩ CD25 ϩ cells from M. avium subsp. paratuberculosis-infected cattle have been reported (14) . In humans and mice, Tregs control the immune responses to infections, balancing protective immunity and immunopathology. However, during mycobacterial infections as well as infections caused by some other organisms, it seems that the suppression of the protective immune response can lead to pathogen persistence and chronic disease (21, 25, 26) . Both thymus-derived natural CD4 ϩ CD25 high Foxp3 Tregs and adaptive CD4 ϩ CD25 ϩ/Ϫ Foxp3 ϩ/Ϫ Tregs induced outside the central lymphoid organs exist (8, 35) . It is generally believed that natural Tregs mediate suppression through contact-dependent mechanisms, while adaptive Tregs act via production of the anti-inflammatory cytokine IL-10 or transforming growth factor ␤ (TGF-␤) (8, 26) . IL-10 is also produced by macrophages, dendritic cells, B cells, and various subsets of
CD4
ϩ and CD8 ϩ T cells; and excessive or mistimed IL-10 production can inhibit protective immune responses to intracellular pathogens (13) . TGF-␤ is produced by most immune cells and has the potential to suppress IFN-␥ production (11) .
On the basis of the knowledge of regulatory T cells in humans and mice and the findings from studies with cattle linking suboptimal IFN-␥ production to regulatory mechanisms, we hypothesized that the low sensitivity of the IFN-␥ test observed with cells from subclinically paratuberculosis-infected goats could be due to the effect of regulatory mechanisms. These mechanisms are poorly described in goats, and the aim of this study was to investigate the regulatory factors influencing the IFN-␥ responses to paratuberculosis in vitro and ultimately identify possible ways to increase the sensitivity of the IFN-␥ assay.
MATERIALS AND METHODS
Animals. (i) Infected and exposed goats. All goats came from a goat herd consisting of about 160 Norwegian dairy goats in which paratuberculosis had been diagnosed on the basis of histopathology, the identification of acid-fast rods, and the detection of IS900 by PCR 1 year earlier. Twenty goats from the herd were examined.
Goats 1 to 14 were termed infected. Goats 1 to 4 had clinical signs consistent with paratuberculosis and positive IFN-␥ results. The animals were 2.5 to 3.5 years old and skinny and had a poor coat condition. They were antibody positive; and goats 1, 2, and 4 were fecal culture positive. Goats 5 to 14 had positive results for IFN-␥. They were 1.5 to 4.5 years old and in better physical condition than goats 1 to 4, and all goats except goat 12 were fecal culture positive.
Goats 15 to 20 were termed exposed, but they had negative results for IFN-␥. They were 6 months old, were clinically healthy, and were antibody as well as fecal culture negative at the beginning of the study. At the termination of the study, goat 15 was IFN-␥ positive and goat 16 was culture positive. It was, however, considered likely that all goats were infected due to massive M. avium subsp. paratuberculosis contamination in the housing facilities.
Goats 1 to 4 and 15 to 20 were moved to the animal premises at the National Veterinary Institute of Norway. The young goats and the adult goats were kept in separate rooms, both of which contained hygiene sluices. Blood was repeatedly collected from the vena jugularis over a period of 4 to 7 months. At the end of the study, the goats were euthanized with pentobarbital. Blood was collected only once from goats 5 to 14, which were kept in the original herd. The procedures and the animal management protocols used in the study were approved by the Norwegian Animal Research Authority, in accordance with the Animal Experimental and Scientific Purposes Act of 1986.
(ii) Noninfected goats. Goats 21 to 37 were from a herd free of paratuberculosis located at the Animal Research Center at the Norwegian University of Life Sciences. The goats were 2 to 6 years old and tested negative for paratuberculosis by the IFN-␥ test. Blood was collected from these goats on three separate occasions.
Antigens and antibodies. Purified protein derivative from M. avium subsp. paratuberculosis (PPDj) was from the National Veterinary Institute of Norway. Staphylococcus aureus enterotoxin was obtained from Toxin Technology. Concanavalin A (ConA) was purchased from Sigma Aldrich. Anti-CD4 (clone 44.38) was from the Centre for Animal Biotechnology, Australia. Anti-CD8 (clone 38.65), anti-CD14 (clone TÜ K4), anti-IFN-␥ (clone CC302), and anti-IL-10 (clone CC320) were from AbD Serotec; anti-␥␦ T-cell receptor (anti-␥␦TCR; clone GB21A), anti-CD25 (clone LCTB2A), and anti-major histocompatibility complex class II (anti-MHCII; clone H42A) were from Veterinary Medical Research and Development (VMRD); anti-TGF-␤ (clone 1D11) was from R&D Systems; anti-Foxp3 (clone ebio7979) was from eBioscience; Alexa Fluor 633-conjugated anti-mouse immunoglobulin G2a (IgG2a) and IgG2b were from Invitrogen; and fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG2a and IgG3 and phycoerythrin (PE)-conjugated anti-mouse IgG1 were from Southern Biotech.
IFN-␥ assay with neutralization of IL-10 or TGF-␤. Peripheral blood mononuclear cells (PBMCs) were isolated on a density gradient medium (Lymphoprep; Axis-Shield) by gradient centrifugation and washed once in phosphatebuffered saline (PBS) containing EDTA and twice in PBS without EDTA. The cells (2 ϫ 10 6 cells/ml) were stimulated with PPDj (10 g/ml) or no antigen in 24-well cell culture plates (Corning Incorporated) and incubated in complete medium (RPMI 1640 with L-glutamine and gentamicin; both from Sigma Aldrich) and 10% fetal calf serum for 24 h at 37°C in humidified air with 5% CO 2 . Anti-IL-10 antibodies were added, as indicated in Fig. 3A and in the legends to Fig. 3 and 5. The concentration of the anti-TGF-␤ monoclonal antibody (MAb) was 5 g/ml, and the isotype control (CD18 clone H20A from VMRD) was used at 2.5 g/ml. The supernatants were harvested and stored at Ϫ70°C until they were analyzed. IFN-␥ production was assessed by a capture enzyme-linked immunosorbent assay (ELISA) for bovine IFN-␥, according to the manufacturer's instructions (Invitrogen). Recombinant bovine IFN-␥ (AbD Serotec) was used as a standard.
Intracellular staining and flow cytometric analysis for IFN-␥-, IL-10-, and TGF-␤-producing cells. An adaptation of a flow cytometric method for intracellular IFN-␥ staining was used (28) . Cells were prepared and stimulated as described above with PPDj or no antigen in six-well cell culture plates (Corning Incorporated). S. aureus enterotoxin (0.5 g/ml) and ConA (10 g/ml) were used as positive controls. Incubation was for 18 h at 37°C in humidified air with 5% CO 2 . After 6 h, brefeldin A (Sigma Aldrich) was added. Cells were transferred into tubes, and PBS containing EDTA was used to remove adherent monocytes from the plastic wells ( Depletion of CD25 ؉ T cells. PBMCs (up to 1 ϫ 10 8 cells) were diluted in 400 l PBS with EDTA, and the mixture was incubated with 6.25 g/ml anti-CD25 antibodies in siliconated blood tubes on a shaker for 20 min at 4°C. The cells were washed with PBS containing EDTA and incubated as described above with 100 l MACS anti-mouse IgG MicroBeads (Miltenyi Biotec). LD columns (Miltenyi Biotec) were used to remove CD25-positive cells. The efficiency of the procedure was controlled with staining for CD25 and flow cytometric analysis. The same numbers of depleted and nondepleted cells were incubated with PPDj or no antigen. Incubation, staining, and flow cytometric analysis for IFN-␥ were performed as described above.
Intracellular staining and flow cytometric analysis for detection of Foxp3-positive cells. PBMCs were isolated and stained for surface markers (CD4 and CD25) as described above. Intracellular staining for Foxp3 was performed according to the manufacturer's instructions, with modifications, by use of the recommended fixation and permeabilization working solution and permeabilization buffer from eBioscience. The time of incubation with the PE-conjugated MAb against Foxp3 (ebio7979 at 0.5 g/100 l) was adjusted to 3 h. The isotype control was PE mouse IgG1() at 0.125 g/100 l (eBioscience). Human PBMCs were used as positive controls. Cells were analyzed as described above for intracellular IFN-␥ staining. The positive fluorescence gates were set with reference to staining with isotype controls.
Statistical analysis. Statistical significance was determined by the Wilcoxon matched-pairs signed-rank test (within a group) and the two-tailed Mann-Whitney U test (between groups). P values of less than 0.05 were regarded as significant. Only a change in the concentration (ng/ml) of IFN-␥ (concentration for PPDj-stimulated wells Ϫ concentration for unstimulated wells) of Ն1 was considered a biological difference, and smaller differences were considered equal for the purposes of statistical analysis.
RESULTS
Identification of cell types producing IFN-␥ in M. avium subsp. paratuberculosis-infected goats. To study the regulatory immune mechanisms that affect IFN-␥ production in vitro, we initially identified the IFN-␥-producing cells in blood from goats naturally infected with M. avium subsp. paratuberculosis by intracellular staining and flow cytometry. The numbers of CD4 ϩ , CD8 ϩ , and ␥␦TCR-positive (␥␦TCR ϩ ) cells producing IFN-␥ increased significantly in PPDj-stimulated cultures compared to the numbers of the control cells producing IFN-␥. However, some IFN-␥-producing cells were also detected in unstimulated control samples, and these were mainly CD8 ϩ or CD8 ϩ ␥␦TCR ϩ (P Ͻ 0.05) (Fig. 1A and B) . On average, 76% (range, 30 to 92%) of IFN-␥-producing CD8 ϩ cells in unstimuated samples expressed the ␥␦TCR receptor, and similar results were seen following PPDj stimulation (Fig. 1A) . In general, few CD8
Ϫ ␥␦TCR ϩ cells produced IFN-␥, with average levels of production of 3% in unstimulated cultures and Only small amounts of IFN-␥ were seen in exposed goats, and there was no difference between PPDj-stimulated and control cells (data not shown).
Attempts to identify Foxp3
؉ cells and effect of CD25 depletion on PPDj-induced IFN-␥ production. Regulatory T cells have been shown to suppress Th1 responses, and we wanted to see how these cells could affect in vitro IFN-␥ production in blood from M. avium subsp. paratuberculosis-infected animals. We first attempted to identify CD4 ϩ CD25 high Foxp3-positive (Foxp3 ϩ ) regulatory T cells by intracellular staining using a human anti-Foxp3 antibody. Human PBMCs were used as a control. Foxp3 has not been described in goats, but the protein sequence is similar for a range of species, with the degree of identity of the Foxp3 sequence from humans (GenBank accession number EU855812) and cattle (GenBank accession number NM_001045933) being 90%. The staining for the transcription factor in goats was not convincing. Incubation of PBMCs with MAb ebio7979 for 3 h occasionally showed a small population of Foxp3 ϩ cells (up to 0.20 to 0.40% of lymphocytes). The results were, however, not consistent in repeated experiments (data not shown).
We thus decided to see how the removal of CD25 high cells would affect IFN-␥ production. CD25 is expressed on Tregs, but in addition CD25 can be an activation marker on T cells; we therefore had to establish if the IFN-␥-producing cells were CD25 ϩ . In general, the majority of IFN-␥-producing cells did not express CD25. IFN-␥-producing CD25 ϩ cells were detected, but mostly in the CD25 dim population (Fig. 2A) . The proportion of IFN-␥-producing cells expressing CD25 dim varied from 4 to 50%, with a mean of 27%. On average, only 5% (range, 0 to 13%) of IFN-␥-producing cells expressed high levels of CD25, making it possible to remove regulatory T cells and not activated IFN-␥-producing cells. Using magnetic beads and an anti-CD25 MAb, we reduced the proportion of (Fig. 2B ). CD25 depletion did not significantly alter the number of IFN-␥-producing cells and generally resulted in only slightly higher or unaffected numbers of IFN-␥ producing cells in both infected and exposed goats (P Ͼ 0.05) (Fig. 2C) . Similar results were seen when the level of IFN-␥ production was measured by ELISA (data not shown).
Effect of IL-10 and TGF-␤ neutralization on IFN-␥ release in goats from a M. avium subsp. paratuberculosis-infected herd. Next, we wanted to investigate how immunosuppressive cytokines could influence IFN-␥ release. An MAb against IL-10 or TGF-␤ was added to PPDj-stimulated and unstimulated PBMCs from infected and exposed goats. After incubation, the amount of IFN-␥ was measured by ELISA. IL-10 neutralization led to a dose-responsive increase in the level of PPDj-induced IFN-␥ release (Fig. 3A) . The absolute increase in the level of IFN-␥ production following IL-10 neutralization was high in infected goats and was significantly higher than that in exposed goats. However, increased levels of IFN-␥ production were seen in all animals: 13 infected goats and 6 exposed goats (P Ͻ 0.05). An increased level of IFN-␥ production was also detected in control cells (Fig. 3B ) (P Ͻ 0.05), but it was always lower than that in PPDj-stimulated cells for all goats except goat 17 (data not shown). An increase in the level of PPDj-induced IFN-␥ production could also be demonstrated by flow cytometry in most infected goats. No effect of TGF-␤ neutralization was observed (data not shown).
Identification of IL-10-producing cells in infected and exposed goats. The strong effect of IL-10 neutralization on IFN-␥ production together with the minimal effect of CD25 depletion made us investigate which cell type produced IL-10. The cell type producing most of the IL-10 in both PPDj-stimulated and control wells was CD14 ϩ and MHCII positive (MHCII ϩ ). Significantly more IL-10-producing cells expressed CD14 than CD4, CD8, or ␥␦TCR (P Ͻ 0.05) (Fig. 4A and B) . Some IL-10-producing CD25 ϩ cells were seen in individual goats; however, only 2% (range, 0 to 12%) of the IL-10-producing cells expressed high levels of CD25. On average, approximately 2 to 3% of the PBMCs produced IL-10, and in the majority of animals, the level of IL-10 production by unstimulated cells was slightly higher than that by PPDj-stimulated cells (Fig. 4C ) (P Ͻ 0.05). There was no significant difference in the number of IL-10-producing cells between infected and exposed goats (data not shown).
In prior studies, ConA has been regarded as a generator of suppressor T cells (23, 33) . We thus wanted to see if ConA could induce IL-10 from CD4 ϩ CD25 ϩ cells, which might indicate Tregs. After ConA stimulation, 19% (range, 7 to 35%) of IL-10-producing cells expressed high levels of CD25. Furthermore, 37% (range, 18 to 54%) of IL-10-producing cells were CD4 ϩ CD25 ϩ , whereas only 2% (range, 0 to 3%) of unstimulated and PPDj-stimulated cells were CD4 ϩ CD25 ϩ (P Ͻ 0.05) (Fig. 4A ). Cells were also stained for the expression of TGF-␤, but no cells or a negligible number of cells producing this cytokine could be detected (data not shown). Neutralization of IL-10 and identification of IL-10-producing cells in healthy goats. Next, we wanted to see if the increased amount of IFN-␥ released following IL-10 neutralization was specific for M. avium subsp. paratuberculosis-infected goats and if it could be used to increase the sensitivity of the IFN-␥ assay. We examined 17 healthy goats from an M. avium subsp. paratuberculosis-free herd, and an increase in the amount of IFN-␥ released was detected in less than half of the goats after stimulation with PPDj (P Ͻ 0.05) (Fig. 5A) . The absolute increase was, however, less than the increases in both infected and exposed goats (P Ͻ 0.05). Increased levels of IFN-␥ production in unstimulated PBMCs were seen in only three goats (Fig. 5A) . The main cell type producing IL-10 in healthy goats was, as for infected goats, CD14 ϩ MHCII ϩ cells (Fig. 5B) . In contrast to the findings for infected and exposed goats, IL-10 production was seen by cells stimulated with PPDj and not in unstimulated cells in healthy goats (P Ͻ 0.05), with the exception of three goats (Fig. 5C ). There was no significant difference in the number of IL-10-producing cells between healthy and infected or exposed goats on PPDj stimulation.
Identification of cells with increased levels of IFN-␥ production after IL-10 neutralization. Finally, we wanted to see which cell types caused the increased level of IFN-␥ production on IL-10 neutralization. Phenotyping, intracellular staining for IFN-␥, and flow cytometric analysis were performed after incubation of PBMCs with or without the anti-IL-10 MAb. Despite substantial variations between animals, increased numbers of CD4 ϩ , CD8 ϩ , and ␥␦TCR ϩ T cells producing IFN-␥ were seen following IL-10 neutralization in both PPDj-stimulated and unstimulated PBMCs. The increase was, however, significant only for CD8 ϩ and ␥␦TCR ϩ T cells on PPDj stimulation ( Table 1) . The IFN-␥-producing ␥␦TCR ϩ cells were, as described earlier, largely cells that also expressed CD8.
DISCUSSION
Regulatory cells and cytokines may have an impact on the in vitro production of IFN-␥ in blood from M. avium subsp. paratuberculosis-infected goats. We found that IL-10 neutralization had a profound effect on IFN-␥ secretion and that IL-10 was mainly produced by monocytes and not CD4 ϩ CD25 high , putative Treg cells. The strongest effect of neutralization was seen in PPDjstimulated samples from clinically ill animals; however, increased levels of IFN-␥ production were also detected in unstimulated control samples and in PPDj-stimulated cultures of cells from some healthy animals. This is probably because IFN-␥ is produced in both an innate and adaptive fashion and because IL-10 can influence both of these pathways.
In the present study, neutralization of IL-10 resulted in enhanced IFN-␥ release in infected and exposed goats, confirming the expected suppressive effect of IL-10 on Th1 im- (10) and M. bovis infection (15) . It was speculated that Tregs might be the source of IL-10, but this was not confirmed (15) . We found that the main IL-10-producing cell type in both infected and healthy goats was CD14 ϩ MHCII ϩ monocytes. This is in agreement with the findings of a recent study in which CD14 ϩ monocytes were found to act as regulatory IL-10-producing cells in healthy cattle (17) . IL-10 expression has also been seen in monocytes and macrophages incubated with M. avium subsp. paratuberculosis bacteria (36, 42, 43) . One report of cattle infected with M. avium subsp. paratuberculosis suggested that M. avium subsp. paratuberculosis-responsive IL-10-producing cells were CD4 ϩ and/or CD25 ϩ (14). In our hands, possible Treg cells producing IL-10 were mainly detected after ConA stimulation and not after specific stimulation with M. avium subsp. paratuberculosis antigens, although additional characterization is necessary to definitively determine that these are actually Tregs. Nevertheless, our results suggest that if Tregs are present in the PBMCs, their role as IL-10-producing cells is limited compared to the role of monocytes. Furthermore, the effect of CD25 ϩ cell depletion was variable and generally did not result in a convincing increase in the level of IFN-␥ expression. Our results suggest that CD25 ϩ cells are not the most important cells limiting IFN-␥ production in an overnight in vitro assay with PBMCs from goats. However, some adaptive Tregs are CD25 negative. It is therefore possible that CD25-negative Tregs could have suppressed IFN-␥ production through mechanisms other than IL-10 production.
The level of IL-10 production by unstimulated PBMCs from infected animals was high, but IL-10 production was almost absent in unstimulated cells from most of the healthy goats. It thus seemed that M. avium subsp. paratuberculosis infection can result in a high level of constitutive IL-10 production by monocytes. Previously, the levels of IL-10 production by unstimulated cells from clinically infected animals were found to be higher than those by unstimulated cells from healthy cattle (22) . PPDj stimulation had opposite effects on IL-10 production by cells from infected and healthy animals. The number of IL-10-expressing cells increased after PPDj stimulation of cells from healthy goats, while a slight decrease was detected for most infected animals. Others have noted the upregulation of IL-10 expression in cultures of cells from healthy cattle when they were stimulated with M. avium subsp. paratuberculosis or M. avium subsp. paratuberculosis antigen (10, 22, 36) . Such stimulation also resulted in higher levels of IL-10 production in M. avium subsp. paratuberculosis-infected cattle than in noninfected cattle (10, 14, 22, 43) . This finding is in contrast to our results. However, we measured the number of IL-10-producing cells, while previous studies measured the quantity of IL-10 produced. Individual cells can produce variable amounts of cytokines, and the flow cytometric method does not give a direct quantitative measurement of the amount of cytokine produced per cell. Furthermore, the kinetics of IL-10 production seem to be particularly relevant. The maximum expression of IL-10 in infected animals was usually detected after a few hours of stimulation, while less IL-10 was detected at later time points (10, 14, 43) . We measured IL-10 after 18 h, and one could suggest that the IFN-␥ induced by PPDj in infected animals could downregulate IL-10 production at this time point. In line with this, IFN-␥ has been described to inhibit IL-10 production from human monocytes, macrophages, and dendritic cells (19, 24) .
As expected, CD4 ϩ cells produced large amounts of IFN-␥ in M. avium subsp. paratuberculosis-infected animals after PPDj stimulation. CD8 ϩ and CD8 ϩ ␥␦T cells also contributed to IFN-␥ production on PPDj stimulation and were the main IFN-␥ producers in unstimulated samples. IFN-␥ production from CD8 ϩ cells has previously been seen in both unstimulated samples (38) and antigen-stimulated samples from M. avium subsp. paratuberculosis-infected or vaccinated ruminants (3, 16, 38) , while studies with contradictory results regarding the ability of ruminant ␥␦T cells to produce IFN-␥ in response to mycobacterial antigens exist (3, 16, 32) . IFN-␥ expression by CD8 ϩ ␥␦T cells has, to our knowledge, not previously been related to mycobacterial infections in ruminants. In rats, however, IFN-␥ production has been attributed to these cells in other pathological settings (20) , and the cell type has been described in cattle (18, 31) .
In our studies, IL-10 seemed to suppress IFN-␥ production by several subsets of lymphocytes. The mechanism for IL-10-mediated regulation of IFN-␥ secretion was not explored further. IL-10 can limit IFN-␥ production by acting directly on T cells (13) , at least in humans. Alternatively, IL-10 can regulate T cells indirectly by acting on monocytes and macrophages, inhibiting the expression of MHCII and costimulatory molecules and the production of proinflammatory cytokines, such as IL-12 and IL-18 (13) . An inhibitory effect of IL-10 on MHCII expression (41) and an increase in the levels of IL-12 and IL-18 following IL-10 neutralization have also been described in cattle (14, 41) . This could potentially promote both innate and adaptive IFN-␥ production. The IFN-␥ production from CD4 ϩ cells in PPDj-stimulated cultures in the present study was likely an adaptive response, while CD8 cells seemed to produce IFN-␥ in both an adaptive and an innate fashion. This is supported by the findings of studies with mice that showed innate IFN-␥ production from CD8 ϩ cells (6) . ␥␦T cells also seem to be a source of early IFN-␥ in both humans and cattle, bridging the innate and the adaptive immune responses (4, 9) . Furthermore, innate IFN-␥ production from NK cells cannot be excluded (27) . The broad actions of IL-10 can thus provide possible explanations for the increased levels of IFN-␥ production by both PPDj-stimulated and control cells, as well as for the enhanced IFN-␥ production in samples from healthy goats.
In conclusion, we have shown that the neutralization of IL-10, produced mainly by CD14 ϩ monocytes, enhanced IFN-␥ production in M. avium subsp. paratuberculosis-infected goats. Neutralization seemed to have the potential to increase the amount of IFN-␥ released in subclinically infected, test-negative goats. However, since the amount of IFN-␥ in unstimulated cells, as well as in some noninfected goats, increased following IL-10 neutralization, further work is needed to determine if manipulation of regulatory immune mechanisms is a way to increase the sensitivity of the IFN-␥ assay for the detection of paratuberculosis.
